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The Structure of Chorismate Synthase Reveals
a Novel Flavin Binding Site Fundamental
to a Unique Chemical Reaction
acid (PABA), folate, and for other cyclic metabolites such
as ubiquinone and menaquinone. Much of the folate
pathway is also absent in mammals, and enzymes within
it have therefore been successfully exploited as targets
for antibacterial chemotherapy, as exemplified in the
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West of Scotland Science Park inhibition of dihydrofolate reductase (DHFR) by trimeth-
oprim. Inhibition of CS would lead directly to a drop inGlasgow G20 0XP
United Kingdom intracellular concentration of PABA, the substrate for the
folate biosynthesis enzyme dihydropteroate synthase
(DHPS). This enzyme is the site of action of the well-
known sulphonamide series of antibacterial compounds.Summary
There is thus scope for a dual therapy approach involv-
ing a CS inhibitor and an antifolate.The crystal structure of chorismate synthase (CS) from
CS activity has an absolute requirement for reducedStreptococcus pneumoniae has been solved to 2.0 A˚
flavin mononucleotide (FMN), and although catalyticresolution in the presence of flavin mononucleotide
turnover results in no overall change in redox state, there(FMN) and the substrate 5-enolpyruvyl-3-shikimate
is considerable evidence that different FMN species arephosphate (EPSP). CS catalyses the final step of the
present over the course of the reaction (Macheroux etshikimate pathway and is a potential therapeutic tar-
al., 1996a). A semiquinone form of FMN has been pro-get for the rational design of novel antibacterials,
posed to be a short-lived flavin intermediate in a reactionantifungals, antiprotozoals, and herbicides. CS is a
that proceeds by a free radical mechanism (Osbornetetramer with the monomer possessing a novel --
et al., 2000). Several nonradical mechanisms have alsofold. The interactions between the enzyme, cofactor,
been advanced, each based on a different short-livedand substrate reveal the structural reasons underlying
flavin intermediate, which could be formed during thethe unique catalytic mechanism and identify the amino
conversion of EPSP to chorismate. The high-resolutionacids involved. This structure provides the essential
structure of CS, which we present herein, permits theinitial information necessary for the generation of
validity of these proposed mechanisms to be evaluated.novel anti-infective compounds by a structure-guided
The structure of CS from Streptococcus pneumoniaemedicinal chemistry approach.
has been determined to 2.0 A˚ resolution. The structure
is of the ternary complex of CS, cocrystallized with oxi-
Introduction dized FMN and EPSP. The structure is analogous to the
complex formed by the active enzyme but CS is unable
Chorismate synthase (CS) catalyses the seventh and to turn over because of its absolute requirement for
final step of the shikimate biosynthetic pathway, which reduced FMN. The structure demonstrates that the
leads to the biosynthesis of all aromatic compounds. unique reaction mechanism is dependent on a novel
This pathway is found in bacteria, fungi, plants, and
-- architecture and a novel mode of flavin binding.
apicomplexan parasites, but is absent from mammals. Elucidation of the interactions between CS, FMN, and
It has long been recognized as a drug target for the EPSP provide a detailed understanding of ways in which
generation of broad-spectrum antibacterial and antifun- the active site could be exploited in the design of novel
gal drugs (Haslam, 1993), and the recent identification anti-infective compounds.
of the shikimate pathway in apicomplexan parasites
(Roberts et al., 1998) has established further therapeutic
possibilities. Several of the enzymes of the shikimate Results and Discussion
pathway catalyze reactions that are mechanistically in-
teresting, and crystal structures of the first six enzymes Structure of Chorismate Synthase
have provided significant mechanistic insights (Shumilin The crystal structure of SpCS was solved at 2.0 A˚ using
et al., 1999, Carpenter et al., 1998, Gourley et al., 1999, the multiwavelength anomalous dispersion (MAD) method
Michel et al., 2003, Krell et al., 1998, Stallings et al., from a single crystal of selenomethionine-incorporated
1991). CS catalyses the most interesting and unusual protein. Details of X-ray data collection and refinement
reaction of the entire pathway, the conversion of EPSP of the final model are given in Tables 1 and 2.
to chorismic acid (chorismate), via the 1,4-antielimina- The crystal structure of SpCS reveals a tetrameric
tion of phosphate and a proton, a reaction that is unique molecule showing approximate 222 symmetry. Accessi-
in nature (Bornemann, 2002, Macheroux et al., 1999). ble surface calculations using SURFACE (CCP4) have
CS is particularly attractive as an anti-infective target confirmed that the basic structural unit of CS is a dimer,
as chorismate lies at a metabolic node, being the precur- and that two such dimers compose the observed tetra-
sor for five distinct pathways. It is necessary for the mer. Around 25% of the surface of each monomer is
production of aromatic amino acids, para-aminobenzoic buried upon formation of the dimer, while an additional
12.5% of the surface of each monomer is buried on
forming the tetramer. One of the four monomers present*Correspondence: john.maclean@btinternet.com
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Table 1. Crystallographic Data
Crystallographic Data
High Resolution Peak Inflection Point Remote
Wavelength (A˚) 0.9788 0.9755 0.9790 0.8855
Diffraction limit (A˚) 1.9 2.5 2.5 2.8
Completeness (%) 99.9 (99.6) 99.6 (99.3) 99.5 (98.5) 99.6 (99.5)
No. unique reflections 202809 105430 106407 75744
Redundancy 1.9 1.9 1.9 1.8
I/I 13.8 (2.2) 17.0 (2.8) 16.0 (2.5) 25.4 (5.5)
Rmerge (%) 5.7 (33.4) 4.9 (30.8) 5.2 (38.0) 3.7 (15.5)
in the asymmetric unit differs from the other three in the as shown in Figure 1A, is clearly very different from what
was expected. It comprises a single large core domain,conformations of two loops close to the active site. This
which is surrounded by loops and discrete stretches ofmakes the active site considerably more accessible,
secondary structure. The core consists of an internaland this monomer is therefore described as having an
layer of four long  helices, sandwiched between a pair“open” conformation, while the others are “closed.” Dif-
of four-stranded antiparallel  sheets. Such -- sec-ferences between open and closed forms provide vital
ondary structure arrangements are very uncommon andinsights into the mobility of these active site loops, which
only a few are described in the CATH database of struc-play an important mechanistic role, and are discussed
tural domain classifications (Orengo et al., 1997). It isin more detail below. It is clear that differences in the
clear from the topology of CS (Figure 2A) that the proteincrystal contacts made by the monomers are responsible
core has pseudo 2-fold symmetry, although the mole-for the observation of the open form of CS. An adjacent
cule as a whole does not. The pseudo 2-fold axis dividessymmetry-related molecule makes close contacts with
the CS core into a pair of 4-2 fragments, the second-the open monomer and occupies some of the space
ary structure elements of which can be superimposedinto which the mobile active site loops would move in
with an RMSD of just 1.5 A˚. Despite the obvious struc-order to close the active site. The open form of CS must
tural similarity there is no conservation of sequence be-therefore represent a conformation that is accessible to
tween these fragments, and hence the origin of the archi-the protein when in solution.
tecture of CS is an intriguing puzzle.The overall fold of the SpCS monomer has been shown
The 4-2core fragment is sufficiently simple for thereto be novel by comparison with known structures using
to be topological similarity between it and existing pro-the programs CE (Shindyalov and Bourne, 1998) and
tein structures, the most notable of which are the histi-VAST (Madej et al., 1995). Comparison with the entire
dine-containing phosphocarrier protein HPr (PDB code:contents of the protein databank (PDB) (Berman et al.,
1PTF) and the ribosomal recycling factor (PDB: 1EK8).2000) using CE produced only eight hits above the
HPr is a small protein with a  sandwich structure, whilethreshold for weak structural similarity, all of which were
RRF contains a small - domain. There is topologicalwell below the threshold for membership of existing
similarity between these small domains and the corestructural families. Superimposing these hits onto the
fragment, but this does not appear to be significant instructure of CS demonstrated that there was no meaning-
comparison with the overall CS structure. In addition,ful structural or topological similarity. A similar comparison
both HPr and RRF lack some of the secondary structureusing VAST also failed to detect significant similarity be-
elements present in the CS fragment that are essentialtween CS and existing structural families represented in
to the overall -- architecture.the PDB.
As shown in Figure 2A,  sheet 1 contains the N termi-CS has been predicted to be an - barrel as a result
nus of the protein, and consists of strands 1, 2, 7,of secondary structure prediction efforts (Macheroux et
and 4 in an antiparallel arrangement.  sheet 2 is alsoal., 1998, White et al., 1994), but the monomer structure,
antiparallel, and comprises strands 8, 9, 13, and
10. The central helical layer is primarily hydrophobic
and comprises helices 1, 4, 8, and 7, arranged up-Table 2. Refinement Statistics
down-down-up.
Refinement Statistics The major feature of the CS dimer interface is the
extension of  sheet 2 from each monomer into an eight-Resolution (A˚) 2.0
Final R factor (25–2.0 A˚) 15.69 stranded antiparallel  sheet (Figure 1B). The two sheets
Rfree (10% total data) 22.24 come together at strand 10, forming four hydrogen
Rmsd bond lengths (A˚) 0.013 bonds, but there are many other interactions at the dimer
Rmsd bond angles () 2.585 interface. The other core secondary structure elementNumber of protein residues 1552
involved in stabilization of the dimer is helix 7, whichNumber of water molecules 1925
is adjacent to strand 10 in the CS monomer, and buriesRamachandran analysis (%) 92.8/7.2/0.0/0.0
a considerable amount of hydrophobic surface at the(favored/allowed/generous/disallowed)
Average B factor protein (A˚2) 26.2 dimer interface. Several other regions of the structure
Average B factor solvent (A˚2) 43.1 are involved in dimerization, notably helices 2 and 3,
Average B factor FMN 21.1 loops L9, L10, L15, L16, L17, and L19, and strands 11
Average B factor EPSP 31.9
and 12, which extend from the monomer core to pack
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Figure 1. Overall Structure of Chorismate Synthase
(A) A stereo C trace of the CS monomer, with every tenth residue marked. FMN is highlighted in blue, EPSP in red.
(B) Ribbon representation of the SpCS tetramer. The  sheet that bridges two monomers, and is a fundamental component of the monomer-
monomer interaction that forms the dimer, is denoted 1. The  sandwich interaction between dimers is denoted 2.
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against the dimer partner. Although there are many hy- al., 1998). The CS crystal structure has revealed pre-
cisely why these two values are so dissimilar, and isdrogen-bonding interactions, there is just one ionic in-
also consistent with observations that the binding ofteraction at the interface, where Lys 238 from one mono-
FMN and EPSP is ordered (Macheroux et al., 1996b).mer makes a water-mediated contact with the FMN
The ribityl-phosphate portion of FMN is buried deeplyphosphate group of the other.
into the enzyme, while the entire re face and much ofThe major component of the tetramerization interface
the ortho-xylyl ring of FMN contact the surface of theis  sheet 1 from each monomer, which interacts with
FMN binding site (Figure 3A). Only a part of the si facethe equivalent portion of an adjacent dimer to form a 
of the isoalloxazine ring system, corresponding to ansandwich structure (Figure 1B). Several other features
area of 51 A˚2 or 7% of the surface of the FMN molecule,are also involved in the dimer-dimer interaction, most
is therefore exposed when FMN is bound, and it is thisnotably extended loop L8, helices 2 and 3, the short 
portion of FMN that makes contact with EPSP. The bind-sheet 3 (formed by strands 3, 5, and 6), and residues
ing of EPSP and the correlated tightening of the activefrom the loops L2, L3, L5, L6, and L7. Although much
site prevent solvent access to almost the entire FMNof this interface is hydrophobic, there are several signifi-
molecule. Just 3 A˚2, or less than 1% of the FMN molecu-cant hydrogen-bonding interactions, and two salt-brid-
lar surface, is accessible once EPSP is bound. Clearlyges between Arg 13 and Asp 75 and their 2-fold related
the binding of EPSP blocks any possible exit of FMNequivalents. There are further ion-pair interactions be-
from the active site, and the induced structural changestween Arg 63 and Asp 123, and Arg 120 and Glu 372.
in the active site allow FMN to make further interactionsThe observed quaternary structure is consistent with
with CS. These factors are manifested in the decreasethe results from a series of analytical ultracentrifugation
in the Kd of FMN, suggesting a greater than 1000-foldexperiments on apo CS, in which the apparent molecular
decrease in the off rate of FMN in the presence of EPSP.weight ranged from 120 kDa at 2 M concentration, to
FMN makes few specific polar interactions with the160 kDa at 14 M (J.M., unpublished data). The raw data
protein, the majority of which are contacts between theshowed an excellent fit to a dimer-tetramer equilibrium
hydroxyl and phosphate oxygens of the ribityl chain andwith a Kd of 0.8 M.
loops L8, L14, and L20, as shown in Figure 3A. The FMNThe CS active site is at the interface between  sheet
phosphate sits at the dimerization interface and makes2 and one end of the internal layer of  helices. At this
a number of contacts with residues from the adjacentpoint, close to the internal pseudo 2-fold axis, the two
monomer. The side chain of Lys 311 and the main chaincentral helices diverge to leave a small hydrophobic
nitrogen of Ala 252 make direct contact with the phos-pocket, which holds the ortho-xylyl end of the FMN
phate oxygens, as does the main chain nitrogen of Glyisoalloxazine ring system. The remaining interactions
296 from the adjacent monomer, while the side chainwith FMN and EPSP are predominantly hydrophilic, and
of Lys 238 interacts via a water molecule.are formed by  sheet 2 and loops L1, L4, L8, L14, L20,
In addition to these contacts with the protein, thereand L22, which lack defined secondary structure. FMN
are a considerable number of solvent molecules closeand EPSP are closely associated with each other and
to both the phosphate and ribityl regions of FMN. Thesea considerable degree of the binding surface of each
water molecules are discrete and well ordered, andligand is in contact with the other.
many mediate interactions between FMN and the sur-
Two further FMN molecules were located in a shallow
rounding residues. FMN oxygens O5* and O4* do not
groove formed at the surface of one of the CS dimers
make any direct interactions with the protein, but are
(Labeled 1 in Figure 1B). The isoalloxazine rings of both coordinated by several solvent molecules. Likewise, ox-
flavins are buried at the base of the groove, while the ygen O3* makes no interactions with SpCS, but is in-
phosphate groups are involved in crystal contacts with volved in a strong intermolecular hydrogen bond with
a neighboring tetramer. Residues on the surface of the one of the phosphate oxygens, which is likely to stabilize
groove that interact with FMN, notably Tyr 266, are not FMN in the conformation present in the active site. Oxy-
conserved in other species, which suggests that this gen O2* coordinates the side chain nitrogen of con-
interaction is not significant and simply represents a served Asn 251, and a second hydrogen bond with O11
fortuitous crystal contact. of EPSP is the only direct interaction between substrate
and cofactor.
FMN Binding In contrast with the ribityl chain of FMN, the isoalloxa-
Experiments with E. coli CS have shown that oxidized zine ring system is hydrophobic and makes few specific
FMN has a Kd of around 30 M, which decreases to interactions with the protein, but nevertheless it buries
a considerable area of hydrophobic surface by packingaround 20 nM in the presence of EPSP (Macheroux et
Figure 2. Topology and Sequence Alignment of Chorismate Synthase
(A) Topology of CS.  strands are shown in light blue, and helices in dark blue. Strands that constitute  sheets are highlighted by red boxes.
The CS core structure comprises the central column of  sheet 1, helices 1, 4, 8 and 7, and  sheet 2 in a 4-4-4 sandwich.
(B) Sequence conservation of CS in bacteria. The sequence alignment demonstrates the conservation within chorismate synthases from a
selection of pathogenic gram-positive and gram-negative bacteria. The secondary structure of CS from S. pneumoniae is indicated below
the alignment, and is colored in the same manner as Figure 2A. Numbering is relative to CS from S. pneumoniae. Active site residues that
have been discussed in the text are highlighted in yellow, which demonstrates that there is considerable conservation in the CS active site.
Sequence alignment produced using MULTALIN (Corpet, 1988) Residues shown in red have a correlation of at least 90% with the consen-
sus sequence (data not shown) and are therefore highly conserved. Residues shown in blue have 50% or more correlation with the consensus
sequence and are therefore moderately conserved.
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the re-face against the complementary surface provided lated, although the greatest positional changes occur
for residues between Tyr 331 and Pro 340 on L22. Tyrby one end of  sheet 2. Unusually for a flavin binding
protein, there are no pi-stacking interactions between 317 is the only residue on L20 that shows a significant
conformational change (Figure 3C). In the open activeprotein and the flavin rings. Instead small hydrophobic
residues Ala 342 (data not shown), Ala 346 (data not site this residue has a solvent-exposed side chain, but
a change of rotamer in the closed form allows the Tyrshown), Ala 345, Ala 252, Ile 313, and Met 310 form the
binding surface (Figure 3A). This could provide addi- 317 side chain to pack against the new conformation
of loop L22 and possibly helps to maintain the closedtional flexibility necessary for the protein to accommo-
date reduced FMN, in which the isoalloxazine ring sys- form. Loops L20 and L22 are highly conserved (Figure
2B), and most of the interacting residues from both loopstem may be bent into a “butterfly” conformation. The
lack of specific contacts between CS and the FMN ribityl are conserved in all species. Arg 337 and Asp 339 are
completely conserved and Thr 315 is always threoninechain would also allow some flexing of the FMN mole-
cule. Although butterfly flavin conformations have been or serine, although there are some small differences
between gram-positive and gram-negative bacteria. Tyrobserved in a number of crystal structures under reduc-
ing conditions (Lennon et al., 1999), there are also exam- 317 is conserved only in gram-positive species, while
Ser 338 is replaced by a conserved histidine in all gram-ples of reduced flavins that are almost planar (Kyte,
1995). In addition, it has been demonstrated that planar negative bacteria and fungi. The proximity of residue
338 to FMN in the closed form of the active site suggestsoxidized and highly puckered reduced flavins can be
accommodated in the same active site without the need that this residue may play a different, and potentially
important, catalytic role in those species.for changes in protein conformation (Lennon et al.,
1999). In the open form, the side chains of Ser 338 and Asp
339 from L22, as well as that of Arg 45 from loop L4,The N1-O2 locus is close to the side chain of the
completely conserved His 110. These atoms are gener- are involved in water-mediated interactions with N3 and
O4 of FMN. In the closed form, loop L22 moves closerally involved in the exchange of protons between flavins
and enzymes, and hence in changes to the electronic to FMN, displacing the two water molecules bound to
N3 and O4, and instead forming direct interactions withstate of flavins (Edmondson and Ghisla, 1999), which
suggests a catalytic role for His 110. It is clear from the those atoms (Figure 3C). Asp 339 is displaced by 1.7 A˚
and forms a new hydrogen bond with O4 of FMN. Thereopen structure that it is O2, and not N1, which forms a
hydrogen bond with His 110. Differences between open is a more pronounced shift of almost 3 A˚ in the position
of Ser 338, allowing a hydrogen bond from the side chainand closed active sites demonstrate that the side chain
of His 110 has some conformational flexibility, and inter- hydroxyl to N3 of FMN.
N5 of FMN appears not to form any interactions withacts with FMN in the open form but with O12 of EPSP
in the closed form (As shown in Figure 3C). protein or solvent, but does sit directly under C6 of
EPSP, from which the 6-pro-R hydrogen atom is ab-Superimposition of the open and closed active sites
demonstrates that the binding of EPSP is associated stracted during the reaction. The probable role of N5 is
discussed in Mechanistic Implications.with conformational changes in loops L20 and L22 (Fig-
ure 3C). Loop L20 bears Thr 315, whose side chain
makes a hydrogen bond to O2 of FMN in the closed EPSP Binding
In contrast with FMN, there are extensive polar interac-active site. In the open form, Thr 315 has a different
rotamer, which places the hydroxyl some distance from tions between EPSP and the enzyme, but few hydropho-
bic contacts. The EPSP site is very hydrophilic, andFMN, and is instead interacting with the side chain of
Ser 338 on loop L22. Residue 315 is conserved as either must present an extremely basic environment to EPSP,
with six arginine and two histidine residues concen-threonine or serine in all species (Figure 2B), and is
adjacent to the completely conserved Arg 107 (Figure trated in a small, tightly enclosed binding site. These
basic groups are clustered at the three corners of the3A). This pair of residues interacts with a number of
conserved water molecules as well as O2 of FMN, and EPSP site, reflecting the pseudo-3-fold shape and
charge distribution of EPSP itself. The interactions be-may therefore be catalytically important (See Mechanis-
tic Implications). tween EPSP and the CS active site are shown in Figure
3B. EPSP has a half boat conformation, with both theThe changes to loops L20 and L22 are clearly corre-
Figure 3. The Chorismate Synthase Active Site
(A) Stereo representation of interactions made by FMN in the closed form. Active site residues are shown with green carbon atoms, FMN and
EPSP with gray carbon atoms. Red spheres represent conserved water positions. Hydrogen bonds are shown as dashed lines. Some residues
shown are from an adjacent monomer and form interactions that may stabilize the CS dimer. These residues are shown in darker green, and
are labeled with green text, while residues from the monomer, which forms the majority of the active site, have black labels.
(B) Stereo representation of interactions made by EPSP in the closed form. Active site residues are shown with green carbon atoms, FMN
and EPSP with gray carbon atoms. Red spheres represent conserved water positions. Hydrogen bonds are shown as dashed lines.
(C) Stereo diagram of the overlaid C traces of open (cyan ribbon) and closed (green ribbon) forms, showing differences in the conformations
of loops L20 and L22. EPSP and FMN are shown with gray carbon atoms. The side chains of residues His 110, Tyr 317, Arg 337, Ser 338,
and Asp 339 are shown for both forms (Open form: cyan carbons, closed form: green carbons). L22 shows the most significant movement,
as demonstrated by the changes in the position of Arg 337 and Ser 338. Tyr 317 on loop L20 adopts different side chain conformations in
open and closed forms, and may have a role in maintaining the closed conformation of loop L22. Hydrogen bond interactions between ligands
and the highlighted residues in the closed form are shown as dashed lines. Corresponding interactions in the open form are omitted for clarity.
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departing C6-pro-R proton and the phosphate group in tion of the phosphate leaving group and promotion of
bond cleavage. Theoretical studies on analogs of EPSPaxial positions.
The enol-pyruvyl moiety sits in an enclosed binding predicted that an interaction of this type would be impor-
tant to the CS mechanism (Dmitrenko et al., 2001).pocket, and interacts primarily with three conserved ar-
ginine residues. There is a salt-bridge interaction with
Arg 39, with N-O separations of 2.6 A˚ (NH1–O91) and
Mechanistic Implications2.9 A˚ (NH2–O92). In addition, there are further hydrogen
CS catalyses the anti-1,4-elimination of phosphate andbonds from O91 to NH2 of Arg 45 (2.7 A˚) and from
the C6-pro-R hydrogen of EPSP. No other known en-O92 to NH1 of Arg 134 (3.1 A˚). O5 of EPSP makes an
zyme catalyses a reaction of this type, and a number ofadditional interaction with NH2 of Arg 45, and the meth-
mechanisms have been proposed to account for theylene sits in a pocket formed by the aliphatic portions
unique nature of the reaction (Bornemann et al., 1996b,of the Arg 134 and Arg 48 side chains.
Macheroux et al., 1999). In recent years, biochemicalThe relative orientations of the C10 carboxylate group
and kinetic investigations have narrowed the range ofand the FMN isoalloxazine ring system suggest that
possibilities, and the reaction is now understood to in-there is a favorable stacking interaction between the
volve an unstable, short-lived intermediate formed uponconjugated  systems of the two molecules. The C10
initial loss of phosphate from EPSP. There now appearcarboxylate makes hydrogen bonds to O2* of FMN and
to be just two possible identities for this intermediate,His 110, as already described. The latter interaction is
as outlined in Figure 4. Recent studies have provideda direct hydrogen bond in the closed form but in the
evidence that this intermediate is a radical, formed byopen form the conformation of the His 110 side chain
the transfer of a single electron from FMN, and thereforeis different and allows a direct hydrogen bond with FMN
associated with a semiquinone FMN intermediate (Os-and a water-mediated contact with O12. O12 of EPSP
borne et al., 2000), the scheme shown in Figure 4 routeand the side chain of conserved Arg 107 are also in-
B. However, the alternative scheme, which involves avolved in coordinating a water molecule, which may
cationic intermediate as shown in Figure 4 route A, re-form part of a conserved chain of solvent molecules
mains equally possible. The CS crystal structure doesallowing communication and proton transfer between
not provide sufficient evidence to discriminate betweenHis 110 and the EPSP phosphate.
the two potential mechanisms, and although it is of theThe binding of the phosphate group is clearly deter-
inactive oxidized FMN-EPSP complex, it identifies themined by the conformation of loop L22, and in particular
residues that are critical in the overall reaction and willthe residues between Tyr 331 and Pro 340. The guanidi-
guide attempts to determine the mechanism conclu-nium group of the Arg 337 side chain makes a salt-bridge
sively.interaction with phosphate oxygens O2P and O3P when
Previous experiments on cyclohexene systems havein the closed conformation. Arg 337 sits at the apex of
shown that concerted 1,4-eliminations occur with pre-the mobile portion of L22, and the interacting atoms are
dominantly syn stereochemistry (Hill and Bock, 1978).displaced by almost 10 A˚ out of the active site in the
This evidence, in addition to a number of kinetic investi-open form (Figure 3C). These two oxygen atoms make
gations (Bornemann, 2002), suggests the CS mecha-additional contacts with the side chains of Arg 48 and
nism is highly likely to be nonconcerted. The reactionHis 10 in both the open and closed forms of the enzyme.
is therefore expected to be a two-stage process in whichIn the open form, the remaining phosphate oxygen, O1P,
the first step is cleavage of the C3-O3 bond to releasemakes no direct interactions with CS, and is surrounded
phosphate, also producing an unstable intermediate,by solvent molecules. However, in the closed form, there
which collapses to form chorismate in the second stepis a hydrogen bond between O1P and the main chain
by cleavage of the 6proR-C-H bond. The orientation ofcarbonyl of Arg 337, which indicates that this atom must
FMN in the CS structure suggests that it could providebe protonated. (This interaction is omitted from Figures
stabilization of any electron-deficient intermediate of3B and 3C for clarity). The EPSP phosphate must there-
EPSP, consistent with either of the nonconcerted mech-fore carry a single-negative charge in the closed form
anistic schemes in Figure 4.of the active site.
FMN has been shown to bind to apo-CS in the mono-In both open and closed forms of the active site, O3
anionic-reduced form (FMNH) (Macheroux et al.,of EPSP makes a hydrogen bond to another conserved
1996a). The binding of EPSP induces changes in proteinwater molecule, which is the last in the solvent chain
conformation, concurrent with a protonation of FMN tolinking His 110 to the phosphate. This water molecule
give the neutral reduced form (FMNH2). Comparison ofis additionally coordinated by the side chains of the
the open and closed forms of the enzyme in the CScompletely conserved residues Ser 9 and Ser 132 and
structure provides a rationale for the observed changesis therefore ideally placed to perform a significant role
to FMN. It is clear that His 110 coordinates FMN O2 inin the overall mechanism (see Mechanistic Implications).
the open form of the enzyme, but shifts in order toThe positions of the conserved water molecules are
contact O5 of EPSP and the main chain nitrogen of Alashown in Figure 3B.
111 in the closed form. His 110 is therefore likely toThe EPSP hydroxyl oxygen, O4, makes no direct inter-
be the active site acid which protonates FMN O2 andactions with the protein, and appears to make little con-
neutralizes the reduced flavin in the first step of thetribution to binding. It forms a single water-mediated
reaction.hydrogen bond with the side chain of Asp 339. More
The interaction between His 110 and FMN suggestssignificantly, O4 is within 2.8 A˚ of one of the phosphate
oxygen atoms, and may therefore play a role in stabiliza- that the open form of the crystal structure provides a
Crystal Structure of Chorismate Synthase
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Figure 4. Mechanism of CS
Two potential reaction mechanisms are shown. Route A involves a cationic EPSP intermediate and has no requirement for radical species.
This route is discussed in considerable detail in the text. Route B involves radical intermediates at both EPSP and FMN, and is also discussed
in the text. In both cases residues that the crystal structure indicates are likely to be involved in the mechanism are also shown.
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snapshot of the active site either before the binding of intermediate is likely to be so short that these conforma-
tional changes release both phosphate and chorismateEPSP, or more probably, during the structural changes
associated with the binding of EPSP. Comparison of the products, consistent with kinetic observations (Borne-
mann et al., 1996a).open and closed forms of the enzyme provides a great
deal of information about which regions of the CS active Although the intermediates in either of the possible
reaction schemes (Figure 4) would be stabilized by con-site are likely to be mobile during the course of the
reaction, which is of considerable bearing in the elucida- jugation, each of the C4 and C6 protons would be acidic.
The  system of either allylic intermediate would havetion of the mechanism. Specifically, differences between
open and closed active sites have demonstrated that optimal overlap with the axial bonding orbitals of the
C6-pro-R and C4 protons, which would therefore beloops L20 and L22 change conformation on binding of
EPSP (Figure 3C), and that residues from these loops more acidic than the equatorial C6-pro-S proton. The
C4 position is remote from any active site bases, whichplay important roles in the overall reaction.
Ser 338 and Asp 339 from L22 are displaced and only is consistent with the specificity of CS for deprotonation
at C6. N5 of FMN is positioned directly below the C6-interact directly with FMN once EPSP is bound. Arg 337
is also displaced, and forms a number of interactions pro-R hydrogen of EPSP and is ideally positioned to
remove this proton from the transient intermediate. Thewith the phosphate oxygens of EPSP, via both its main
chain carbonyl and its side chain guanidyl groups, in distance between N5 of FMN and C6 of EPSP is around
3.5 A˚ for oxidized FMN, and any change to a butterflythe closed form of the active site. Each of these residues
play a role in the overall CS mechanism, and Arg 337 conformation for reduced FMN would be likely to reduce
this distance.appears to be particularly important. The EPSP phos-
phate is also coordinated by His 10, Arg 48, and a num- N5 interacts with two completely conserved residues,
Arg 45 and Asp 339, via another water molecule whoseber of solvent molecules, whose positions are con-
served in both binary (J.M., unpublished data) and position is conserved in several CS structures (J.M.,
unpublished data). Asp 339 is ideally placed to act asternary complexes.
Three conserved solvent molecules form a hydrogen- a base and facilitate the removal of the acidic proton
from C6 of EPSP, collapsing the unstable intermediatebonded chain which link phosphate oxygen O1P both
to the carboxylate oxygen O12 of EPSP and to the side to produce chorismate. The critical role likely to be
played by N5 explains the observation that CS is inactivechain of His 110 (Figure 3B). The conformational change
exhibited by His 110 upon EPSP binding displaces sol- with the 5-deaza analog of FMN (Lauhon and Bartlett,
1994). The regeneration of FMNH is likely to be con-vent, but not from these conserved positions. One of
these water molecules is held in a position close to comitant with the reopening of the active site, probably
involving deprotonation by His 110.O3 of the EPSP phosphate by its interactions with the
completely conserved residues Ser 9 and Ser 132. It is The FMN semiquinone intermediate required by the
radical mechanism (Figure 4B) would be highly acidicideally placed to have a role in the exchange of protons
between the EPSP phosphate and FMN, His 110, or and deprotonation by Asp 339 would therefore occur
readily. In contrast, the pKa of the N5 proton in the cat-possibly the C10 carboxylate of EPSP. The conserved
solvent molecules may therefore be required to provide ionic mechanism (Figure 4A) would be expected to be
higher and deprotonation would be more difficult. How-communication between FMN and EPSP via His 110,
and to increase the potential for the EPSP phosphate ever, changes to the environment of FMN could reduce
the pKa and make the deprotonation step possible. Clo-to leave. His 10 is also likely to play a role in this process,
probably by providing a proton to neutralize the charge sure of the active site and the associated motion of His
110 away from FMN prevent deprotonation at the otheron the departing phosphate group.
Molecular orbital calculations (Kitzing et al., submit- possible location, the N1-O2 locus. In addition, overlap
of the cationic EPSP intermediate with the FMN isoallox-ted) have shown that the neutral reduced FMN would
localize considerable electron density around C4a and azine ring system would also be likely to reduce the pKa
of the N5 proton.C10. As the separation of C4a of FMN and C1 of EPSP
is around 3.5 A˚, increased electron density around this The alteration of the central ring from cyclohexene to
cyclohexadiene clearly affects the shape of the interme-atom would be consistent with either mechanism shown
in Figure 4. The build-up of positive charge at the C1-C3 diate, which in turn must result in a change in affinity.
Despite cleavage of phosphate and possibly partial re-locus associated with the loss of phosphate in the cat-
ionic mechanism (Figure 4, route A) would be further opening of the active site, the intermediate remains
bound while the proton is abstracted. In contrast, it hasstabilized by this electron density, while the proximity
of C4a (FMN) to C1 (EPSP) would facilitate the single proved impossible to generate a CS product structure
in cocrystallization and soaking experiments, which iselectron transfer required to initiate loss of phosphate
in the radical mechanism (Figure 4, route B). consistent with a much lower affinity for chorismate than
for EPSP, as previously reported (Macheroux et al.,The second step in the reaction mechanism is the
abstraction of the C6-pro-R hydrogen as a proton or 1996b). This suggests that a significant contribution to
the binding of both EPSP and the reaction intermediatea hydrogen atom, producing chorismate and neutral-
reduced FMN. The ground state binary complex is then would come from shape complementarity between their
aplanar central rings and residues Ser 132 and Ser 9,regenerated by deprotonation of FMN once more. The
departure of the cleaved phosphate moiety necessitates which primarily form the surface against which they
pack.conformational changes in L20 and L22, and a reopening
of the active site. However, the lifetime of the reactive It is clear from a combination of the CS structure and
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the level of sequence conservation that the CS active overlaps with that of EPSP. While a structure from a
bifunctional CS will be required to determine preciselysite revealed in this structure is likely to be highly similar
to those of other CS enzymes. Alignment of CS se- how NADPH binds, the manner in which EPSP stacks
its C10 carboxylate over C4a of the isoalloxazine ringquences from a range of pathogenic bacteria (Figure
2B) demonstrates that conservation across species is system of FMN is reminiscent of the interaction between
NADPH and FMN in flavin reductases (Pereira et al.,generally good. The two histidine residues present in
the active site, His 10 and His 110, are conserved across 2001) and suggests that the nicotinamide ring of NADPH
may mimic the binding of EPSP.all known species, and His 110 forms part of a character-
istic CS signature sequence (Macheroux et al., 1999). In summary, the structure of the complex of CS with
oxidized FMN and EPSP supports both of the two pro-In addition all but one of the arginine residues present
in the active site are also conserved across bacterial posed mechanisms detailed in Figure 4. A number of
key residues have been identified and their likely rolesspecies. These include Arg 39, Arg 45, and Arg 134,
which coordinate the enol-pyruvate EPSP moiety, Arg in the reaction mechanism have been inferred. Although
the current structure is of the inactive oxidized form of337, which contacts the phosphate of EPSP in the
closed conformation, and Arg 107, which appears to be FMN, the protein structure in the region of the active
site suggests that reduced FMN could easily be accom-involved in maintaining water structure around EPSP.
The other residues, which form hydrogen bonds to FMN modated without structural change. While the CS struc-
ture is unable to confirm the nature of the intermediatein the closed form, are Asp 339, which is invariant, and
Thr 315, which is conserved as threonine or serine in all transition state, and hence the fine detail of any electron
transfer steps in the mechanism, identification of theCS sequences.
The two residues, which form hydrogen bonds with relative orientations of FMN, EPSP, and the surrounding
protein will greatly facilitate the eventual elucidation ofEPSP or FMN, but are not invariant, are Arg 48, which
contacts the EPSP phosphate, and Ser 338, which forms the CS mechanism. The structure is being used as the
basis for a rational drug design program, in order toa hydrogen bond with N3 of FMN. Arg 48 is conserved
in all gram-positive bacteria, but is always serine or identify novel inhibitors with antibacterial properties.
Comparison with CS structures from a range of bacterialthreonine in other species. Interestingly, an arginine resi-
due is conserved at position 50 in these other species, species (J.M., unpublished data) demonstrate that the
active site is very highly conserved and thus CS is poten-and it is possible that it performs the function of Arg 48
in those species. Similarly, Ser 338 is conserved in gram- tially an excellent broad spectrum drug target.
Chorismate synthase is an important and fascinatingpositive bacteria but is replaced by an invariant histidine
in other species. A histidine in this position would be enzyme for several reasons: its unusual catalytic activity;
its critical role in metabolism; and its potential as aclose to N3 of FMN, O12 of EPSP, and to the side chain
of Arg 107. broad-spectrum target for anti-infective drugs. The elu-
cidation of its structure at high resolution with boundThe importance of the two active site histidine resi-
dues has been addressed by site-directed mutagenesis substrates provides the first detailed insight into how it
may function and provides the basis for developing truly(Kitzing et al, submitted). This additional evidence is
consistent with both histidine residues playing critical novel therapeutic entities for infectious diseases.
mechanistic roles, and also demonstrates that His 110
Experimental Proceduresis involved in FMN binding while His 10 is important for
EPSP binding.
The aroC gene of S. pneumoniae was identified based on its homol-We have obtained further evidence for the importance
ogy to other known CS genes and proteins from nonannotated geno-
of His 110 and His 10 to CS activity from chemical modifi- mic sequences of S. pneumoniae deposited in the public databases.
cation experiments. Four residues susceptible to chemi- The gene was cloned into expression vector pET22b, and soluble,
active protein was overproduced in the E. coli strain BL21 (DE3).cal modification were tested, in the absence of substrate
SpCS protein was purified using a modified protocol based on thatand cofactor, to assess their role in catalysis (S.A., un-
used to purify SaCS (Horsburgh et al., 1996). Enzyme activity waspublished data) using standard reagents (Lundblad,
assayed as previously described (Webster et al., 2002 [Patent1996). These studies revealed that modification of histi-
GB2374414])
dine residues with diethyl pyrocarbonate leads to rapid Selenomethionine-incorporated and unmodified SpCS were crys-
loss of all (	95%) activity. Modification of tyrosine with tallized under similar conditions. Crystals were grown by vapor diffu-
tetranitromethane shows a less rapid loss of total activ- sion with hanging drops. The protein was concentrated to 6–10
mg/ml in 10 mM Tris-HCl [pH 7.5], 20 mM KCl, 0.5 mM DTT, andity and modification of arginine with phenylglyoxal leads
2 mM EDTA. Reservoirs containing 9% PEG 8000, 10% ethyleneto only a moderate loss of activity (50%). Modification
glycol, 100 mM HEPES [pH 7.5] were equilibrated against dropsof lysine residues with N-hydroxysuccinamide had no
composed of a 1:1 mixture of reservoir solution and protein solution
effect (data not shown). These studies support the role containing 2 mM FMN, 1 mM EPSP and 12 mM (NH3)6CoCl3. Block-
of histidine in catalysis, and the results observed from shaped crystals of dimensions 0.4 
 0.4 
 0.4 mm grew in 2–4
modification of tyrosine may reflect the critical role weeks. These crystals belonged to the monoclinic space group P21,
with cell dimensions a  81.1 A˚, b  124.6 A˚, c  85.2 A˚,  played by Tyr 317 in maintaining the closed form of the
115.15, and contained one SpCS tetramer per asymmetric unit,enzyme.
giving a solvent content of 40%.Although bacterial chorismate synthases are mono-
All data sets used to solve the CS structure were collected atfunctional, requiring reduced FMN for activity, the fungal
ESRF, Grenoble, France, using a Mar charge-coupled detector, and
enzymes have an intrinsic NADPH-dependent FMN re- were processed and reduced using programs of the HKL (Otwinow-
ductase activity. It has recently been shown (Kitzing et ski and Minor, 1997) and CCP4 (CCP4, 1994) suites. A three-wave-
length MAD (Multiwavelength Anomalous Dispersion) dataset wasal., 2001) that the NADPH binding site in these enzymes
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collected to 2.7 A˚ from a single SeMet-incorporated crystal. The Gourley, D.G., Shrive, A.K., Polikarpov, I., Krell, T., Coggins, J.R.,
Hawkins, A.R., Isaacs, N.W., and Sawyer, L. (1999). The two typeshigh-resolution dataset was collected to 1.9 A˚ from a second SeMet
crystal. 30 of 48 selenium atom positions were identified using of 3-dehydroquinases have distinct structures but catalyze the same
overall reaction. Nat. Struct. Biol. 6, 521–525.Shake‘n’Bake v1.5 (Miller et al., 1994) and programs of the CCP4
suite were used to locate the remaining selenium atom positions, Haslam, E. (1993) Shikimic Acid: Metabolism and Metabolites.
refine these atomic parameters and to generate MAD phases. Initial (Chichester, UK: John Wiley & Sons).
maps were of sufficient quality to determine matrices describing
Hill, R.K., and Bock, M.G. (1978). Stereochemistry of 1,4-conjugate
the noncrystallographic symmetry (NCS) within the crystal. A combi-
elimination reactions. J. Am. Chem. Soc. 100, 637–639.
nation of solvent-flattening, histogram-matching, phase extension
Horsburgh, M.J., Foster, T.J., Barth, P.T., and Coggins, J.R. (1996).and 4-fold NCS averaging using DM produced traceable maps with
Chorismate synthase from Staphylococcus aureus. Microbiol. 142,a mean figure of merit (FOM) of 0.77 to 2.0 A˚ resolution. Crystallo-
2943–2950.graphic data used to solve the CS structure are detailed in Table 1.
The protein model was constructed using iterative cycles of model Kitzing, K., Macheroux, P., and Amrhein, N. (2001). Spectroscopic
building using QUANTA (Accelrys Inc., San Diego, CA) and refine- and kinetic characterization of the bifunctional chorismate synthase
ment using REFMAC (Murshudov et al., 1997). Four-fold NCS re- from Neurospora crassa. J. Biol. Chem. 276, 42658–42666.
straints were initially applied but were relaxed in the later stages Krell, T., Coggins, J.R., and Lapthorn, A.J. (1998). The three-dimen-
of refinement, as it became apparent that there were differences sional structure of shikimate kinase. J. Mol. Biol. 278, 983–997.
between NCS-related molecules. The final model contains all 388
Kyte, J. (1995) Mechanism in Protein Chemistry (New York: Garlandresidues from each of the four monomers. All main chain atoms and
Publishing Inc.)most of the side chain atoms are well defined in electron density.
Laskowski, R.A., MacArthur, M.W., Moss, D.S., and Thornton, J.M.Each of the four active sites contains FMN and EPSP. In addition,
(1993). PROCHECK: a program to check the stereochemical qualitytwo other FMN molecules have been identified bound to the surface
of protein structures. J. Appl. Crystallogr. 26, 283–291.of the protein and involved in crystal contacts. The final model also
contains seven ethylene glycol (ETG) molecules, nine hexaamine Lauhon, C.T., and Bartlett, P.A. (1994). Substrate analogs as mecha-
cobalt (III) chloride (NCO) molecules and 1929 water molecules. The nistic probes for the bifunctional chorismate synthase from Neuro-
R-factor of the refined model is 15.69% (Rfree  22.24%) and the spora crassa. Biochemistry 33, 14100–14108.
geometry of the model has been verified using PROCHECK (Laskow- Lennon, B.W., Williams, C.H., Jr., and Ludwig, M.L. (1999). Crystal
ski et al., 1993). The final refinement statistics can be found in structure of reduced thioredoxin reductase from Escherichia coli:
Table 2. structural flexibility in the isoalloxazine ring of the flavin adenine
dinucleotide cofactor. Protein Sci. 8, 2366–2379.
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